A field experiment was conducted to investigate differential effects of natural palygorskite (PAL) and its modified form (KH550-PAL) on the alleviation of heavy metals toxicity to tomatos grown in contaminated soil with Cd, Pb and Zn. Compared to heavy metal-contaminated soil without amendment, the application of natural palygorskite (PAL) or its modified form (KH550-PAL) significantly alleviated heavy metal toxicity to tomato. In addition, foliar malondialdehyde (MDA), hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 •-) contents as well as non-photochemical quenching (NPQ) reduced by 89, 28, 71, and 81%, respectively, in the modified palygorskite treatment than in the natural palygorskite treatment. Similar patterns were observed in heavy metals uptake of tomato. Foliar superoxide dismutase (SOD), catalase (CAT) and glutathione reductase (GR) activities increased by 228, 196 and 238%, respectively, in the modified palygorskite treatment than in the natural palygorskite treatment. Thus, the application of the modified form (KH550-PAL) significantly ameliorated the oxidative stress via enhancing antioxidant defense and reducing thermal dissipation, which further improved photosynthetic electron transport of photosystem II and biomass accumulation of tomato. However, the dose of the modified palygorskite (KH550-PAL) was not enough to buffer negative effects of heavy metal toxicity to tomato growth in the experiment. It is suggested that the amendment dose should be used with great care in remediating contaminated soils with heavy metals. Thus, further experiments are needed by different rates of the modified palygorskite (KH550-PAL).
Introduction
Soil pollution with heavy metals such as cadmium (Cd), lead (Pb), and zinc (Zn) has become a serious issue in the world [1] [2] . Because they can accumulate in the food crops and contaminate the whole food chain, heavy metals cause serious health hazards [3] . Immobilizing toxic heavy metals from soil with plant growth-friendly soil amendments may reduce the potential risks to humans [4] . For example, lime and red mud were effective in reducing Zn, Pb, Ni, Cd, and Cu uptake for Festuca rubra [5] ; biochar increased soil pH, further decreasing the heavy metal bioavailability and uptake by plants [6] . Heavy metal accumulation in plants grown in contaminated soil is usually employed to assess the suitability and effectiveness of soil amendments
Heavy metals (such as Cd, Pb or Zn) are highly toxic to plants and inhibit their growth, and can even result in death [7] . Heavy metals accumulate readily in plants and their toxicity damages plant infrastructure by necrosis, altered stomatal movement, ion homeostasis, changed metabolism, and affects activities of several key enzymes [8] . Reactive oxygen species (ROS) (i.e., superoxide O 2
•and hydrogen peroxide H 2 O 2 ) and malondialdehyde (MDA, a product of lipid peroxidation) produced in response to heavy metal toxicity, causing damage to biomolecules and biomembranes, including nucleic acids by oxidizing proteins and peroxidizing lipids when plants were grown in contaminated soil with Cd, Pb or Zn [9] . Meanwhile, overproduction of reactive oxygen species (ROS) could inhibit photosynthetic electron transport of photosystem II (such as a decrease of F v /F m and ΦPSII), which reduced the growth of plants subjected to heavy metal stress [10] . So, there is a growing interest to investigate the effects of amendments on alleviation of heavy metal toxicity to plants grown in contaminated soil [11] . This may provide comprehensive understanding on the suitability and effectiveness of amendment application in contaminated soil with heavy metals.
ROS accumulation is balanced by various enzymatic and non-enzymatic defense systems [12] . Increases of non-photochemical quenching (NPQ) could dissipate excess light and protect leaves against photodamage when a plant was grown in contaminated soil with heavy metals [13] . Antioxidant enzymes [i.e., superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and glutathione reductase (GR)] were employed to protect plant cells against oxidative damage from the overproduction of ROS [14] [15] .
Natural palygorskite (PAL) reduced Cd concentration and increased biomass accumulation of plants grown in contaminated soil [16] . Palygorskite modification with silane coupling agent (KH-550) presents more network structures and ion channels for adsorbing heavy metal [17] . So it was hypothesized that compared to natural palygorskite (PAL), its modified form (KH550-PAL) was more effective in alleviating heavy metal toxicity for plants grown in contaminated soil with Cd, Pb and Zn.
A field experiment was conducted to investigate differential effects of natural palygorskite (PAL) and its modified form (KH550-PAL) on foliar O 2 •production rate, H 2 O 2 and MDA contents, antioxidant enzyme activities, chlorophyll fluorescence parameters of tomatos grown in contaminated soil with Cd, Pb and Zn as well as heavy metals concentration, bioconcentration factor (BCF) of heavy metals and biomass accumulation of root, shoot and leaf. The aim of our study is to evaluate and compare the potential of natural palygorskite (PAL) and its modified form (KH550-PAL) 1) in reducing heavy metals uptake by plants grown in contaminated soil with Cd, Pb and Zn; 2) alleviating heavy metals toxicity in plants grown in contaminated soil with Cd, Pb and Zn. The research will help formulate strategies regarding the management of heavy metal-contaminated soils.
Material and Methods

Experimental Site
A field experiment was conducted in Ganlo County (102°27'E~28°38'N), Sichuan Province, China. Annual temperature, annual rainfall and relative humidity is 16ºC~17ºC, 860.3 mm and 68%, respectively. historical lead-zinc smelting and mining he soil was polluted with Pb, Cd and Zn [17] .
Preparing Soil Amendments
Natural palygorskite (PAL) and its modified form (KH550-PAL) were utilized as amendments for remediating contaminated soil with Cd, Pb and Zn. Chemical composition of natural palygorskite (PAL) consisted of 51.1% SiO 2 , 15.5% MgO, 14.5% CaO, 9.9% Al 2 O 3 and 1.2% Na 2 O. Modified-palygorskite was synthesized by chemical method using silane coupling agent (KH550) [18] . Fourier transmission infrared (FTIR) and x-ray diffraction (XRD) methods were employed to analyze the structure of natural palygorskite (PAL) and its modified form (KH550-PAL). For FTIR of modified palygorskite, C-H stretching bands appeared at 2926.58 cm −1 , confirming the presence of C-H stretching bands of both CH 3 and CH 2 groups of alkylammonium cations. The FTIR results proved the surface modification of natural palygorskite (PAL) at -Si-O centers (Fig. 1 ). The XRD results demonstrated that modification did not destroy the crystal structure of natural palygorskite (PAL) and KH-550 merely adhered to its exterior ( Fig. 2 ).
Experimental Design
Four treatments, in a random block design with six replicates per treatment, were set up in experimental plots of 4 m 2 each, with 0.5 m distance between plots. The treatments included: (I) uncontaminated soil (Control), (II) heavy metals-contaminated soil without the application of amendment (HMS), (III) 1% (w/w) natural palygorskite (PAL) was applied to contaminated soil based on the mass of top 20 cm soil (PAL), and (IV) 1% (w/w) modified palygorskite (KH550-PAL) was applied to contaminated soil based on the mass of top 20 cm soil (KH550-PAL). The composition of uncontaminated soil is similar to that of contaminated soil with heavy metals and because the former was collected from a nearby site free of heavy metals pollution.
Soil amendments (natural palygorskite (PAL) and its modified form (KH550-PAL)) were hand-scattered on the soil surface and then plowed into the soil. After 60 days, soil samples were air dried, ground and sieved through 2 mm. Soil pH was determined in 1:2.5 soil/ water suspensions after 0.5 h with a combination pH electrode. Total N and C, available K and P of soil samples were analyzed as described by Zhao et al. [19] . The concentration of total heavy metals (Pb, Cd and Zn) in the soil samples were measured after mineralization with HNO 3 and HCl (ratio 1/3) using a Microwave Milestone MLS 1200 [20] . The soil properties are displayed in Table 1 .
Then, 9 tomato seedlings with uniform size (4-leaf stage) were transplanted to each plot. Before transplanting, a dose of 200 kg ha -1 of 12-17-17 (N-P 2 O 5 -K 2 O) mineral fertilizer was added to each plot. The plots were managed according to conventional operating practices. The experiment lasted for two months.
At the end of the experiment, 3 plants per plot were randomly selected. A fully expanded leaf of each plant was chosen to measure chlorophyll fluorescence parameters with a portable fluorescence induction monitor (FMS-2, Hansatech Instruments Ltd., UK). Foliar antioxidant enzyme activities, O 2
•production rate, H 2 O 2 and MDA contents were determined using the leaf. After harvesting, the plant was separated into root, shoot and leaf. After oven drying at 60ºC, their dry weights The treatments included: (I) uncontaminated soil (Control), (II) heavy metals contaminated soil without application of amendment (HMS), (III) 1% (w/w) natural palygorskite (PAL) was applied to contaminated soil based on the mass of top 20 cm soil (PAL), (IV) 1% (w/w) modified palygorskite (KH550-PAL) was applied to contaminated soil based on the mass of top 20 cm soil (KH550-PAL).
In each column, data with different lower case letters are significantly different at p = 0.05 (g) were recorded until constant weight was obtained. A mean of 3 measurements from each plot was recorded as a replication. Hydrogen peroxide (H 2 O 2 ) content was estimated following the method of titanium tetrachloride [21] . Fresh leaves (0.2 g) were homogenized with 5 mL of ice-cold acetone and then centrifuged at 3000 g for 10 min at 4ºC. The reactive mixture contained 0.1 mL of 20% (v/v) titanium tetrachloride in the concentrated hydrochloric acid, 0.2 mL of ammonia, and 1 mL of the supernatant, which was then centrifuged at 3000 g for 10 min. The resulting pellet was washed five times with ice-cold acetone, having been resuspended. The pellet was then dissolved in 3 mL of 1 M H 2 SO 4 and finally measured at 410 nm. The H 2 O 2 concentration was calculated according to the calibration curve constructed using known concentrations.
O 2 •production rate was determined as described by Liu et al. [22] . Fresh leaves (0.2 g) were homogenized with 2 mL of 65 mM ice-cold sodium phosphate buffer (pH 7.8) and then centrifuged at 5000 g for 10 min at 4ºC. One mL of the supernatant was mixed with 0.9 mL of 65 mM sodium phosphate buffer (pH 7.8) and 0.1 mL of 10 mM hydroxylammonium chloride. The reactive mixture was incubated for 20 min at 25ºC. One mL of the above solution was mixed with 1 mL of 17 mM 4-aminobenzenesulfonic acid and 1 mL of 7 mM α-naphthylamine, kept for 20 min at 25°C, and finally quantified at 530 nm.
Malondialdehyde (MDA) Content
Fresh leaves (0.2 g) were homogenized with 2 mL of 50 mM ice cold sodium phosphate buffer (pH 7.8) and then centrifuged at 12000 g for 20 min at 4ºC. One mL of the supernatant was mixed with 3 mL of 20% (w/v) TCA solution containing 2% (w/v) TBA. The reactive mixture was incubated for 30 min in a 95°C water bath, rapidly cooled in an ice bath, and then centrifuged at 15000 g for 10 min. The absorbance was recorded at 532 nm and 600 nm.
Antioxidant Enzyme Activities
In order to extract the antioxidant enzymes, 0.2 g of frozen leaves were extracted with 2 mL of 50 mM ice cold sodium phosphate buffer (pH 7.8) containing 0.2 mM EDTA, 2% (w/v) polyvinylpyrrolidone (PVP), and 2 mM reduced ascorbate (AsA). The extract was centrifuged at 12000 g for 20 min at 4ºC. Then the supernatant was immediately used to measure the activities of the antioxidant enzyme listed below.
CAT activity was analyzed according to Cakmak and Marschner [23] by following the decomposition of H 2 O 2 at 240 nm (ε = 39.4/ (mM cm)). The reactive mixture contained 1.7 mL of 25 mM sodium phosphate buffer with 0.1 mM EDTA (pH 7.0), 0.2mL of 10 mM H 2 O 2 , and 0.1 mL of the supernatant.
POD activity was determined by monitoring the decomposition of H 2 O 2 at 470 nm (ε = 26.6/ (mM cm)) [23] . The reactive mixture contained 1.7 mL of 25 mM sodium phosphate buffer with 0.1mM EDTA (pH 7.0), 0.1 mL of 1% guaiacol, 0.1 mL of 20 mM H 2 O 2 , and 0.1 mL of the supernatant.
GR activity was assayed by following the decrease in the absorbance at 340 nm caused by NADPH oxidation (ε = 6.2/ (mM cm)) according to the method of Madamanchi and Alscher [24] . The reactive mixture contained 1.7 mL of 25 mM sodium phosphate buffer with 0.2 mM EDTA (pH 7.8), 0.1 mL of 2.4 mM NADPH, 0.1 mL of 10 mM oxidized glutathione (GSSG), and 0.1 mL of the supernatant.
SOD activity was measured using a previously described photochemical method [25] . The reaction contained supernatant and nitro blue tetrazolium (NBT) solution, including 50 mM SPB (pH 7.8), 0.1 mM EDTA, 63 Mm NBT, 13 mM methionine, and 1.3 mM riboflavin. One unit of SOD activity was defined as the amount of enzyme required to cause a 50% inhibition in the rate of p-nitro blue tetrazolium chloride reduction at 560 nm.
Chlorophyll Fluorescence Parameters
Foliar chlorophyll fluorescence parameters were measured using a portable, modulated fluorescence monitoring system (FMS-2, Hansatech Instruments Ltd., UK). After determining light-adapted parameters, the plants were fully covered with black opaque plastic bags and maintained for 40 min. and the minimum chlorophyll fluorescence (F 0 ) was determined using a measuring beam of 0.2 μmol m -2 s -1 intensity. A saturation pulse (1 s white light of 7,500 μmol m -2 s -1 intensity) was used to obtain the maximum fluorescence (F m ) after a dark-adapted state, and the maximum photochemical efficiency of PSII (F v /F m ) was recorded. Light-induced changes in chlorophyll fluorescence following actinic illumination (300 μmol m -2 s -1 ) were recorded prior to the measurement of F' 0 (minimum chlorophyll a fluorescence in light-saturated state) and F' m (maximum fluorescence in light-saturated state), nonphotochemical quenching, photochemical quenching (qP) and non-photochemical quenching (NPQ) were calculated [26] .
Heavy Metals Concentrations in Root,
Leaf, Shoot
After drying, roots, leaves and shoots were ground in a mill to a mesh size of 0.5 mm. Then they were digested with di-acid mixture (HNO 3 :HClO 4 ratio of 2:1) respectively and concentrations of Cd, Pb and Zn were measured by AAS [27] .
Bio-Concentration Factor (BCF) of Heavy Metal
Bio-concentration factor (BCF) of heavy metal was calculated as shown below: BCF = concentration of heavy metal in root (mg.kg -1 )/ concentration in external environment (mg.kg -1 ) [28] 
Statistical Analysis
One-way ANOVA was used to investigate effects of different treatments on foliar O 2
•production rate, H 2 O 2 and MDA contents, antioxidant enzyme activities, and chlorophyll fluorescence parameters of tomato as well as heavy metals concentration, bio-concentration factors (BCF) of heavy metals and biomass accumulation of root, shoot and leaf. All analyses were conducted with SPSS 20.0 software (SPSS, Chicago, IL, USA).
Results and Discussion
Heavy Metals Concentration of Root, Shoot, Leaf and Bio-Concentration Factors (BCF)
The highest heavy metals concentration in root, shoot and leaf were observed when tomato was grown in contaminated soil without the application of amendment (HMS), whereas the lowest values were observed when tomato was grown in uncontaminated soil (Control) ( Table 2 ). Compared to natural palygorskite (PAL), Pb concentration of root and leaf was significantly decreased by application of its modified form (KH550-PAL) when tomato was grown in contaminated soil with Cd, Pb and Zn ( Table 2 ). A similar pattern was observed in Cd concentrations of roots, shoots and leaves, and Zn concentrations of shoots and leaves ( Table 2) . The results are consistent with previous studies [29] . Compared to heavy metals-contaminated soil without amendment, the application of natural palygorskite (PAL) or its modified form (KH550-PAL) significantly reduced the bio-concentration factor of heavy metals in tomato (Table 2) . Bio-concentration factors of heavy metals in tomato were significantly decreased by the application of the modified palygorkite (KH550-PAL) to contaminated soil with Cd, Pb and Zn than the natural one ( Table 2) . A possible explanation is that the surface of the modified palygorskite (KH550-PAL) has more network structures as functional groups, reacting with heavy metals ions by chemical binding to form inner-sphere complexes [30] . Meanwhile, modification by silane coupling agent (KH550) may enrich the ion channels of natural palygorskite (PAL) for heavy metals sorption and change heavy metals species, which reduces heavy metals uptake by tomato grown in contaminated soil with Cd, Pb or Zn [31] . In each column, data with different lower case letters are significantly different at p = 0.05 Table 2 . Heavy metals concentrations (mg/kg) in leaves, roots, shoots and bio-concentration factor (BCF=C root /C soil ) of heavy metals of root when tomato was subjected to different treatments.
Foliar O 2
•-Production Rate, H 2 
O 2 and MDA Contents
Oxidative stress caused by heavy metals induces membrane injury, retards nutrient uptake capacity and ultimately inhibits plant growth [32] . Malondialdehyde (MDA) is a common product of lipid peroxidation that reflects the extent of oxidative injury [8] . The highest foliar O 2
•production rate, H 2 O 2 and MDA contents were observed when tomato was grown in contaminated soil without the application of amendment (HMS) (Fig. 3) . Compared to natural palygorskite (PAL), foliar O 2
•production rate and MDA content were significantly reduced by the application of its modified form (KH550-PAL) when tomato was grown in contaminated soil with Cd, Pb and Zn (Fig. 3a, c) . However, a similar pattern was not observed in foliar H 2 O 2 content (Fig. 3b ). Compared to the application of the modified palygorskite (KH550-PAL), no difference was detected in foliar O 2
•production rate and MDA content of tomato grown in uncontaminated soil (Control) (Fig. 3a, c) . It is suggested that due to decreased uptake of heavy metal in tomato grown in contaminated soil with Cd, Pb and Zn, oxidative stress is significantly relieved by the application of the modified palygorskite (KH550-PAL) [11] .
Foliar Antioxidant Enzyme Activities
SOD can catalyze the conversion of toxic O 2
•to H 2 O 2 , which is further reduced to O 2 and H 2 O by POD and CAT. GR can also be involved in H 2 O 2 removal by the activation of the ascorbate-glutathione cycle [33] . Antioxidant enzymes (SOD, POD, GR and CAT) play an important role in detoxifying ROS and alleviating oxidative stress [34] . Compared to tomato grown in uncontaminated soil (Control), foliar antioxidant enzyme (SOD, GR and CAT) activities gradually increased when tomato was grown in contaminated soil without application of amendment (HMS), contaminated soil with the application of natural palygorskite (PAL) and its modified form (KH550-PAL) (Fig. 4a, c, d) . The explanation is that soil amendments may enhance defensive resistance against ROS in plants subjected to heavy metal stress. However, the opposite pattern was observed in foliar antioxidant enzyme (POD) activity (Fig. 4b ). This indicated that soil amendments could eliminate heavy metal toxicity and the ROS effect by immobilizing ions [11] . Our results imply that the modified palygorskite (KH550-PAL) may induce stronger resistance against heavy metals stress in tomato than natural palygorskite (PAL). 
Foliar Chlorophyll Fluorescence Parameters
ΦPSII and Fv/F m reflect actual photosynthetic efficiency and potential maximum photosynthetic capacity of PSII [26] . Heavy metals stress diminished photochemical capacity of PSII with a decrease of foliar F V /F m and ΦPSII in tomato grown in contaminated soil with heavy metals [35] . The lowest foliar F V /F m , and ΦPSII were observed when tomato was grown in contaminated soil without the application of amendment (HMS) ( Fig. 5a-b ). Compared to tomato grown in contaminated soil without application of the amendment (HMS), foliar F V /F m , and ΦPSII of tomato were significantly increased by the application of the modified palygorskite (KH550-PAL) ( Fig. 5a-b) . However, the application of the modified palygorskite (KH550-PAL) was not enough to relieve negative effects of heavy metals on foliar F V /F m , and ΦPSII of tomato in the experiment (Fig. 5a-b ). The results are consistent with previous study [36] .
Photochemical quenching (qP) reflects the number of open reaction centers, which is an indicator of the capacity of photochemical processes. Nonphotochemical quenching (NPQ) represents the heat dissipation of excessive energy within photosystem resulting from environmental stress. The highest foliar NPQ and qP were observed when tomato was grown in heavy metals-contaminated soil without application of the amendment (HMS) ( Fig. 5c-d ). Compared to natural palysorkite (PAL), foliar NPQ and qP of tomato grown in contaminated soil with Pb, Cd and Zn were significantly decreased by the application of its modified form (KH550-PAL) ( Fig. 5c-d) . Compared to the application of the modified palygorskite (KH550-PAL), no difference was detected in foliar NPQ and qP of tomato grown in uncontaminated soil (Control) ( Fig. 5c-d ). This indicated that the application of its modified form (KH550-PAL) could protect PSII against damage/inactivation, which improved the photosystem activity of tomatos grown in contaminated soil with heavy metals [37] .
Biomass Accumulation in Root,
Shoot and Leaf
Compared to tomato grown in uncontaminated soil (Control), biomass accumulation in root, shoot and leaf was significantly decreased for tomato grown in heavy metals-contaminated soil without application of amendment (HMS) (Fig. 6) , which is consistent with previous study [38] . Compared to natural palygorskite (PAL), the application of its modified form (KH550-PAL) significantly improved biomass accumulation of root, shoot and leaf in tomato grown in heavy metals-contaminated soil with Pb, Cd and Zn (Fig. 6) . The results supported our hypothesis. So, the 
Conclusions
The present study investigated the effects of natural palygorskite or its modified form on alleviating heavy metals toxicity to tomato grown in contaminated soil with Cd, Pb and Zn. Our experiment results strongly support the modified palygorskite for soil heavy metals immobilization. It is suggested that minimizing heavy metals bioavailability improves scavenging ROS by enhancing antioxidant defense and reducing thermal dissipation. However, doses of the modified palygorskite were not enough to buffer negative effects of heavy metals toxicity on tomato growth in the experiment. It was suggested that the amendment dose should be used with great care in remediating contaminated soils with heavy metals. Thus, further experiments are needed by different rates of the modified palygorskite.
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